Primary and secondary hypertension are major risk factors for cardiovascular disease, the leading cause of death worldwide. Elevated secretion of aldosterone resulting from primary aldosteronism (PA) is a key driver of secondary hypertension. Here, we report an unexpected role for the ubiquitin ligase Siah1 in adrenal gland development and PA. Siah1a -/mice exhibit altered adrenal gland morphology, as reflected by a diminished Xzone, enlarged medulla, and dysregulated zonation of the glomerulosa as well as increased aldosterone levels and aldosterone target gene expression and reduced plasma potassium levels. Genes involved in catecholamine biosynthesis and cAMP signaling are upregulated in the adrenal glands of Siah1a -/mice, while genes related to retinoic acid signaling and cholesterol biosynthesis are downregulated. Loss of Siah1 leads to increased expression of the Siah1 substrate PIAS1, an E3 SUMO protein ligase implicated in the suppression of LXR, a key regulator of cholesterol levels in the adrenal gland. In addition, SIAH1 sequence variants were identified in patients with PA; such variants impaired SIAH1 ubiquitin ligase activity, resulting in elevated PIAS1 expression. These data identify a role for the Siah1-PIAS1 axis in adrenal gland organization and function and point to possible therapeutic targets for hyperaldosteronism.
Introduction
Hypertension is one of the most important drivers of cardiovascular disease. Primary hypertension, which accounts for about 90% of cases, is idiopathic, whereas secondary hypertension is caused by an underlying medical condition. The leading cause of secondary hypertension -accounting for 5%-13% of cases -is primary aldosteronism (PA), which is characterized by aberrant secretion of aldosterone and is unresponsive to the renin-angiotensin system and sodium homeostasis (1) (2) (3) . Although PA has several causes, about a third of cases are due to aldosterone-producing adenomas. Approximately 95% of cases are sporadic and another 5% are familial. Genetic mutations in a number of genes, including those encoding ion channels (KCNJ5, ATP1A1, ATP2B3, CACNA1D, and CACNA1H) and proteins involved in cell-cell and protein-protein (ARMC5, CTNNB1) interactions, have been implicated in PA. Finally, perturbations in epigenetic regulatory mechanisms have also been associated with overproduction of aldosterone (4, 5) .
Aldosterone and other steroid hormones primarily produced in the adrenal glands and gonads play key roles in mammalian physiology, including regulation of ion balance and blood glucose levels; fat, protein, and carbohydrate metabolism; inflammation and immunity; and sexual differentiation. Accordingly, steroid hormones are tightly regulated by transcriptional and posttranslational mechanisms, including phosphorylation, acetylation, ubiquitination, and sumoylation (6) (7) (8) (9) . Fine-tuning of steroid hormone levels, which is essential for their spatiotemporal regulation, is mediated by the ubiquitin-proteasome (UBP) and small ubiquitin-like modifier (SUMO) pathways (10) . Indeed, adrenal cortex development and steroidogenesis are controlled by the UBP-SUMO-dependent modification of regulatory transcription factors, such as SF1, WT1, GLI3, SALL1, and DAX1 (11) (12) (13) (14) .
Primary and secondary hypertension are major risk factors for cardiovascular disease, the leading cause of death worldwide. Elevated secretion of aldosterone resulting from primary aldosteronism (PA) is a key driver of secondary hypertension. Here, we report an unexpected role for the ubiquitin ligase Siah1 in adrenal gland development and PA. Siah1a -/mice exhibit altered adrenal gland morphology, as reflected by a diminished X-zone, enlarged medulla, and dysregulated zonation of the glomerulosa as well as increased aldosterone levels and aldosterone target gene expression and reduced plasma potassium levels. Genes involved in catecholamine biosynthesis and cAMP signaling are upregulated in the adrenal glands of Siah1a -/mice, while genes related to retinoic acid signaling and cholesterol biosynthesis are downregulated. Loss of Siah1 leads to increased expression of the Siah1 substrate PIAS1, an E3 SUMO protein ligase implicated in the suppression of LXR, a key regulator of cholesterol levels in the adrenal gland. In addition, SIAH1 sequence variants were identified in patients with PA; such variants impaired SIAH1 ubiquitin ligase activity, resulting in elevated PIAS1 expression. These data identify a role for the Siah1-PIAS1 axis in adrenal gland organization and function and point to possible therapeutic targets for hyperaldosteronism.
The RING finger E3 ubiquitin ligases Siah1 and Siah2 are conserved from Drosophila to vertebrates (15) . Siah1/2 ligases target proteins for UBP-mediated degradation, implicating them in the control of many central regulatory processes, including hypoxia (via control of prolyl-hydroxylases 1 and 3) (16), endoplasmic reticulum stress (via ATF4) (17) , cell-cycle progression and cell junction integrity (via ASPP2) (18) , mitochondrial dynamics (via AKAP121) (19) , and intracellular signaling (via MAPK) (20) . Mouse embryonic fibroblasts derived from mice lacking Siah1a, one of two forms of Siah1 in the mouse (1a/1b), show no marked changes in growth or cell-cycle regulation (21) . However, Siah1a -/mice display a number of defects, such as postnatal growth retardation, osteopenia, sterility, and premature death, although growth hormone and gonadotropin levels appear normal in these mice (21, 22) . Here, we identify that Siah1 regulates adrenal gland structure and function in the development of PA.
Results
Siah1a -/mice display altered adrenal gland morphology, with a diminished X-zone and enlarged medulla. Previous studies detected no abnormalities in the vital organs or in the levels of gonadotropins and growth hormone in Siah1a -/mice (21), even though growth retardation and increased mortality was observed. Using Sia-h1a -/mice in the 129sv genetic background, we observed premature death with survival rate as previously reported, where no Siah1a -/mice survived beyond 30 days. While body weight at embryonic day 18.5 was normal, a significant decrease in weight was observed in Siah1a -/mice at postnatal day 1.5, with a further decrease at postnatal day 21 (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97128DS1). Analysis of young (21-day-old) Siah1a -/mice revealed marked changes in the morphology of the adrenal glands ( Figure 1 , A-C) but not in their size relative to body weight ( Figure 1D ), while Siah1a +/adrenal glands were comparable to Siah1a +/+ adrenal glands (data not shown). The adrenal glands of Siah1a -/mice (21-day-old females and males) contained a much diminished X-zone ( Figure 1 , A-C) compared with glands from WT littermates. Correspondingly, the expression of 20-α-hydroxysteroid dehydrogenase , an X-zone marker, was reduced in Siah1a -/mice both at the protein and RNA level ( Figure 1 , E and F). Similarly, expression of phosphatidylinositol-4-phosphate 3-kinase (PIK3C2γ), another X-zone marker, was reduced by approximately 70% ( Figure 1F ). Siah1 expression in the adrenal gland was confirmed by qPCR analysis (Supplemental Figure  1B) , and in situ hybridization indicated that Siah1a was expressed in the zona glomerulosa, zona fasciculata, and medulla in both 15-day-old embryos and 21-day-old mice (Supplemental Figure 1C) , substantiating a role for Siah1a in adrenal gland development. Quantification of the area occupied by tyrosine hydroxylase-positive (TH-positive) cells versus the total area of the adrenal gland revealed an enlarged medulla in Siah1a -/mice ( Figure 2 , A and B). Accordingly, a significant (3-fold) increase of TH mRNA expression was observed in Siah1a -/mice ( Figure 2C ). Given the increased TH mRNA expression and the observed enlarged medulla, we tested the level of catecholamine in plasma. A significant increase in adrenaline was observed in plasma from Siah1a -/mice, along with an increase in noradrenaline ( Figure 2 , D and E).
Glomerulosa zonation is dysregulated in Siah1a -/mice. To further probe the role of Siah1a in adrenal gland development, we monitored organization of the zona glomerulosa and zona fasciculata in 21-day-old Siah1a -/and WT mice by staining for expression of Cyp11b2 (aldosterone synthase, expressed in the zona glomerulosa), which is required for aldosterone synthesis, and Cyp11b1 (11-β-hydroxylase, expressed in the zona fasciculata). Although the expression pattern of Cyp11b1 was spatially similar in the adrenal glands of Siah1a -/and WT mice, staining was more intense in the Siah1a -/glands ( Figure 3A ). In contrast, while Cyp11b2 expression was limited to the zona glomerulosa in WT adrenal glands, it was present in both the zona glomerulosa and zona fasciculata of Siah1a -/mice ( Figure 3A ). To substantiate the altered zonation in Siah1a -/mice, we examined expression of disabled homolog 2 (Dab2), another marker of the zona glomerulosa. Indeed, as observed for Cyp11b2, Dab2 expression extended from the zona glomerulosa to the outer zona intermedia and the zona fasciculata of Siah1a -/mice but was detected only in the zona glomerulosa of WT mice ( Figure 3B ).
Cyp11b1 and Cyp11b2 mRNA levels were elevated in the adrenal glands of Siah1a -/mice compared with WT littermates, ( Figure 3C ). Correspondingly, plasma aldosterone levels were also increased 2-fold ( Figure  3D ). Of note, Dab2 was previously shown to elevate both Cyp11b2 expression and aldosterone secretion in H295R cells, which could explain the observed increase of Cyp11b2 expression in Siah1a -/mice, at least in part (23) . A slight increase in plasma corticosterone levels was noted in the Siah1a -/mice, although the difference was not statistically significant ( Figure 3D ). ACTH stimulation did not alter the level of plasma corticosterone (Supplemental Figure 2A ). Further, under normal fed conditions, the level of plasma ACTH Figure 2B ). Notably, the ratio between aldosterone and renin activity was elevated in Siah1a -/plasma, supporting primary hyperaldosteronism in the Siah1a -/mice (Supplemental Figure 2C) .
To analyze the role of Siah1 in adrenal gland development, we determined the expression pattern of Dab2 and Cyp11b1 at gestational day 15. While the expression patterns of TH and Cyp11b1 were spatially similar in the adrenal glands of Siah1a -/and WT mice (Supplemental Figure 2E) , an increased number of Dab2-positive cells, which exhibited a more intense staining, was seen in the adrenal gland of Siah1a -/mice (Supplemental Figure 2D ). These findings suggest that Siah1 regulates adrenal gland zonation and aldosterone secretion.
Increased expression of aldosterone target genes in Siah1a -/mice coincides with reduced plasma K + levels. Since aldosterone manifests its major physiological effects in the epithelial cells of renal nephrons, we investigated possible changes in the expression of the aldosterone target genes serum/glucocorticoid-regulated kinase 1 (SGK1) and epithelial Na + channel (eNACα) in the kidneys (24, 25) . SGK1 controls eNACα protein expression by phosphorylating and inactivating Nedd4-2, an E3 ubiquitin ligase that regulates eNACα stability (26) . We observed a 3-fold increase in SGK1 mRNA levels and a 2-fold increase in SCNN1a (eNACα) mRNA levels in the kidneys of Siah1a -/mice compared with those of WT littermates ( Figure 4 , A and B), while the increase observed for eNACβ and eNACγ mRNA was minimal (Supplemental Figure 3 ). Immunohistochemistry analysis confirmed an increase in SGK1 and eNACα protein expression in distal convoluted tubules, in connecting tubules, and in the collecting ducts of kidneys in Siah1a -/mice compared with WT mice (Figure 4 , C and D). eNACα activity plays an important role in Na + /K + homeostasis by promoting Na + retention and K + secretion. In keeping with the observed increase in eNACα expression, we found that levels of K + were markedly decreased in the plasma of Siah1a -/mice compared with WT mice ( Figure 4E ). Thus, Siah1a is required for maintenance of normal plasma K + levels through regulation of aldosterone levels and expression of aldosterone target genes. These data suggest that perturbation in Siah1a function may contribute to hypertension and electrolyte imbalance.
Genes related to retinoic acid signaling and cholesterol biosynthesis are dysregulated in the adrenal glands of Sia-h1a -/mice. To further examine the involvement of Siah1a in regulating adrenal gland function, we performed unbiased gene expression analysis of the adrenal glands of Siah1a -/and WT mice under basal conditions and following ACTH stimulation ( Figure 5A and Supplemental Figure 4A ). Pathway analysis of the modulated genes identified those involved in cholesterol biosynthesis and retinoic acid signaling (liver and retinoid X receptors [LXR/RXR]) to be among the most downregulated, while catecholamine biosynthesis and cAMP-mediated signaling pathway genes were among the most upregulated genes in Sia-h1a -/adrenal glands compared with WT adrenal glands ( Figure 5A ). A significant increase of adrenaline in plasma from Siah1a -/mice, compared with WT mice, suggests an increase in catecholamine biosynthesis ( Figure 2D ). Changes in the expression of individual genes involved in the LXR/RXR pathway, cholesterol biosynthesis, and cAMP-mediated signaling were confirmed by qRT-PCR (Supplemental Figure 4 , B-D). The decreased expression of ApoE mRNA, which is involved in cholesterol storage, and the increased expression of SCARB1 mRNA, which is involved in cholesterol uptake (Supplemental Figure 4 , B and D), suggest that intracellular cholesterol levels may be increased in the adrenal glands of Siah1a -/mice. Induction of free cholesterol and cholesteryl esters would be expected to suppress endogenous cholesterol synthesis: indeed, this was observed in the adrenal glands of Siah1a -/mice, as shown by RNA-seq analysis, and confirmed by qPCR assays (Supplemental Figure 4 , B-D). Furthermore, an increase in the number and size of neutral lipids was observed in adrenal glands of Siah1a -/mice, compared with WT mice, using Oil Red O staining (Supplemental Figure 4E ). Consistent with these observations, increased neutral lipid levels and production of steroid hormones have been reported in the adrenal glands of mice lacking LXR (27) .
PIAS1 is upregulated in the adrenal glands of Siah1a -/mice. The E3 SUMO protein ligase PIAS1 was previously shown to be a substrate of Siah1/2 and to undergo UBP-dependent degradation in the nucleus (28, 29) . PIAS1 has also been implicated in the suppression of LXR in a Siah1-dependent manner (28, 29) .
(M) and X-zone, respectively. Scale bar: 100 μm. (D) Adrenal gland weights relative to body weights of 21-day-old Siah1a -/mice and WT littermates (n = 6). (E) Representative immunofluorescence for the X-zone marker, 20-αHSD, in 21-day-old-WT and Siah1a -/adrenals. Although 20-αHSD expression is found in both WT and KO adrenals, its expression is significantly reduced in Siah1a -/mice. (F) qPCR analysis of 20αHSD, and PIK3C2γ expression in the adrenal glands of 21-day-old Siah1a -/and WT mice (n = 4). **P < 0.005, ***P < 0.0005, compared with WT. Data are shown as mean ± SEM. Statistical analysis was performed using t test. PIAS1, which was implicated in the control of cholesterol levels in the adrenal gland has also been shown to affect lipogenesis and inflammatory signaling (28) (29) (30) . PIAS1 increases the expression of both CYP11B1 and CYP11B2 mRNA by enhancing sumoylation of the transcription factor SF1 and activating the transcription factor COUP-TFI, respectively (31) (32) (33) . Therefore, we investigated PIAS1 expression in Siah1a -/mice. PIAS1 expression in the adrenal glands of WT mice was highest in the zona glomerulosa, as detected by immunostaining ( Figure 5B ), consistent with previous reports (31) . Strikingly, however, PIAS1 was expressed throughout the adrenal glands of Siah1a -/mice, and this was accompanied by increased nuclear localization ( Figure 5B ). This increase in expression was confirmed by immunoblot analysis ( Figure 5C ). Interestingly, levels of PIAS1 mRNA were the same in Siah1a -/and WT mice, substantiating the increase in protein expression was posttranslationally regulated (Supplemental Figure 4F ). To confirm that Siah1 controls the stability of PIAS1 protein, we performed pulsechase experiments with 293T cells cotransfected with Siah1 and PIAS1; as expected, the degradation of PIAS1 was accelerated in the cells coexpressing Siah1 ( Figure 5D ). In the presence of Siah1, about 25% of PIAS1 protein was degraded within 2 hours, compared with 5 hours in the absence of Siah1 ( Figure 5D ). Collectively, these observations suggest that the expression of CYP11B2 and CYP11B1 and, potentially, cholesterol biosynthesis in the adrenal glands, are regulated by Siah1a via its control of PIAS1 stability. Since β-catenin was previously identified as a Siah substrate and given its role on adrenal gland function, we determined possible changes in β-catenin expression in adrenal glands of Siah1a -/and WT mice. β-Catenin expression in adrenal glands of Siah1a -/mice appeared to be less membranal and more cytoplasmic/nuclear (Supplemental Figure 4G ). β-Catenin is known to induce angiogenesis by upregulating VEGFA mRNA. Indeed, blood vessels appeared more dilated in adrenal glands derived from Siah1a -/mice (Supplemental Figure 4H) ; however the mRNA levels of VEGFA, LEF1, and Axin2, β-catenin transcriptional targets, were unchanged (Supplemental Figure 4I) , suggesting that either different transcriptional targets are affected or changes elicited upon altered localization of β-catenin may not be transcriptional.
The adrenal glands of patients with primary hyperaldosteronism express a mutant form of Siah1 and elevated expression of PIAS1. The phenotype identified in the Siah1a -/mice resembles that of patients with hyperaldosteronism; therefore, we investigated the possibility that the adrenal glands of patients with PA might display genetic or epigenetic alterations in Siah1 and PIAS1. Analysis of the SIAH1 gene was carried out in 81 patients, including 60 with PA and 21 with combined glucocorticoid and mineralocorticoid hormone secretion. The clinical data of these patients are presented in Table 1 . Among these patients, 7 SIAH1 genetic variants were identified; 2 were missense and 5 were synonymous; loss of heterozygosity was identified in only one of the tumors ( Table 2) .
Further characterization was performed on one of the SIAH1 missense variants (NM_003031), which harbored a substitution in amino acid 251 from Ile to Leu. This residue is located on a helix-loophelix motif that lies on the surface of the substrate-binding domain (SBD) and spans from the dimer interface to the linker region between Zn-fingers 1 and 2 (ZnF-1 and ZnF-2) ( Figure 6A ). The side chain of Ile 251 is mostly buried, although one face is solvent-exposed and lines a prominent pocket (part of the SBD also serves as a site for small-molecule inhibitors, based on analyses of its similarly structured homolog, Siah2) (34) . We previously showed that mutations in either the adjoining helical residue, met 252, or an adjacent "KYD" loop caused loss of function (35) . Both of these 2 elements are surface-exposed, forming a quasicontiguous patch across the dimer interface. Thus, it is plausible that loss of direct interactions with substrate affects their ability to associate and degrades their substrate(s). Nonetheless, the structural basis for a strong loss-of-function effect for the buried and conservative I251L mutant is less obvious. Comparison of 3 different crystal forms of SIAH1 suggests that, in each case, ZnF-2 (and, by extension, the N-terminal RING domain -not shown) adopts distinct locations related by a relative rotation (of up to 30°) about a single axis ("R" in Figure 6A ) with respect to the SBD. This observed variation points to high-mobility/multiple conformations available to the ZnF-2-RING moiety. Of Staining of DAB2 (red) and nuclei (DAPI, blue) in sections of adrenal glands. DAB2 staining is restricted to the outer adrenal cortex of WT mice but extends to the inner parts of the adrenal cortex in Siah1a KO mice. Images shown in A and B are representative of images from 4 different mice per group. Scale bar: 100 μm. (C) qPCR analysis of Cyp11b1 and Cyp11b2 mRNA in the adrenal glands (n = 5). ***P < 0.0005, compared with WT. (D) Aldosterone and corticosterone levels in the plasma of WT and Siah1a KO mice measured by ELISA (5 mice for aldosterone and 6 mice for corticosterone levels). **P < 0.005, compared with WT. Data are shown as mean ± SEM. Statistical analysis was performed using t test. potential relevance, the rotation axis lies within the ZnF-1-ZnF-2 linker, at point of contact with the N-terminal end of the helix-turn-helix element containing Ile 251. We thus hypothesize that the I251L mutation affects the conformational control/dynamics of ZnF-2-RING moiety with respect to the SBD during substrate presentation to the UBP machinery. The effect of similar subtle mutations on protein's function has been well established (36) . In addition, the effect of the mutation may be enhanced by the combinatorial effect of an effective "double mutant" generated across the dimer axis. These observations provide a testable hypothesis for the strong functional changes elicited by this mutant. To test this, we expressed PIAS1 and the WT or I251L forms of human SIAH1 in 293T cells and analyzed PIAS1 degradation. As expected, PIAS1 half-life was prolonged in cells expressing SIAH1-I251L, compared with SIAH1 WT (40% of PIAS1 protein was degraded within 5 hours, compared with 2.5 hours, when coexpressed with SIAH1-I251L or SIAH1 WT, respectively; Figure 6B ). Likewise, SIAH1-I251L did not affect the stability of β-catenin, another SIAH1 substrate (Supplemental Figure 5A and ref. 35) , confirming that the I251L mutation impaired SIAH1 ubiquitin ligase activity. Although mRNA levels of Axin2 and Lef1, two downstream target genes of the β-catenin signaling pathway, were unaltered in the adrenal glands of WT and Siah1a -/mice (Supplemental Figure 4I) , increased nuclear localization of PIAS1 was observed in adrenal glands of Siah1a -/mice ( Figure 5B ). Consistent with this, immunohistochemical staining of PIAS1 in adrenal gland sections from the patient carrying the SIAH1-I251L mutation also showed an increase in nuclear PIAS1 expression ( Figure 6C) . Further, the tumor sample of the patient carrying the I251L mutation exhibited lower Siah1 expression, which coincided with an increase in PIAS1 levels (Supplemental Figure 5B) . Likewise, an increase in PIAS1 and a decrease in SIAH1 expression were also seen in tumor harboring the SIAH1 R29I mutation, compared with expression in the zona glomerulosa ( Figure 6C and Supplemental Figure 5B ). This observation prompted us to assess the possible presence of somatic mutation of SIAH1 in respective tumors. Somatic analysis was performed on tumors from patients carrying the I251L and R29I mutations (NM_001006610). A loss of the normal SIAH1 allele was identified in patient harboring the R29I mutation. No mutations or deletion were identified in tumor from the patient harboring the I251L mutation, suggesting that the decreased Siah1 protein level could be caused by posttranslational changes. The latter is consistent with the reported decrease in Siah1 mRNA expression (P < 0.0275) in patients with PA (GSE8514) (37) . Moreover, the analysis of a panel of aldosterone-producing tumors without SIAH1 mutations revealed that 5 of the 8 tumors analyzed exhibited reduced cytoplasmic and increased nuclear SIAH1 expression (data not shown). Of interest, we did not identify notable changes in the activity of the SIAH1 mutant R29I, possibly since the site is proximal to phosphoacceptor sites, which may require select conditions/ phosphorylation for its activity. These results further support the important role of Siah1 signaling in PA and suggest that SIAH1 expression is altered in aldosterone-producing tumors.
glands from 3 WT, 3 Siah1a +/-, and 3 Siah1a -/mice. (D) Siah1, PIAS1, and actin expression in 293T cells transfected with PIAS1 alone and PIAS1 plus Siah1. Cells were treated with the protein synthesis inhibitor cycloheximide (CHX) for the indicated times. Dashed lines denote the different degradation rate of PIAS1 alone versus PIAS1 coexpressed with Siah1. The graph shows quantification of PIAS1 degradation from 4 independent experiments. *P < 0.05, **P < 0.005, compared with PIAS1 alone. Data are shown as mean ± SEM. Statistical analysis was performed using t test. 
Table 1. Clinical data of the 81 patients included in this study

Discussion
In all, using a genetic Siah1a -/mouse model, we demonstrate a role for Siah1a in adrenal gland development and function. Adrenal glands of Siah1a -/mice exhibit a diminished X-zone, enlarged medulla, and dysregulated zonation of the glomerulosa. The murine X-zone is comparable to the fetal zone of the human adrenal, which regresses with age. Mice carrying an SF-1 mutation, which eliminates its sumoylation, exhibit a persistent fetal X-zone, suggesting that SF1 sumoylation can interfere with the normal maturation of adrenal gland and regression of the X-zone (38) . Notably, the Siah1 substrate PIAS1 was shown to be a key activator of SF-1 mediated transcription (33) . Thus, the increased expression of PIAS1 in the adrenal gland of Siah1a -/mice may affect SF1 activity and lead to accelerated X-zone degeneration. Along with a diminished X-zone, Siah1a -/adrenal glands exhibit an enlarged medulla and an increased adrenaline level in the plasma. The role of E3 ligases in adrenal medulla development and activity remains still largely unknown, with the exception of mutant VHL, which has been implicated in the pathogenesis of pheochromocytoma (39) . Our findings demonstrate that Siah1a can modulate adrenal medulla development and adrenaline production. Mechanisms underlying Siah1a regulation of medulla development, and the implication of its altered expression/mutations in pathological conditions (i.e., pheochromocytomas), remain to be determined.
Loss of Siah1a results in hyperaldosteronism, a disorder strongly associated with hypertension in humans. Changes in aldosterone levels in Siah1a -/mice were associated with altered K + level, catecholamine biosynthesis, cAMP signaling, retinoic acid signaling, and cholesterol biosynthesis in the adrenal gland. Functional studies established the involvement of the Siah1 substrate PIAS1, which has been implicated in retinoic acid signaling and cholesterol biosynthesis, in mediating the changes observed in the adrenal glands of Siah1a -/mice. Importantly, our observations in the genetic mouse model were validated by the finding that SIAH1 and PIAS1 expression are dysregulated in the adrenal glands of patients with PA. Collectively, these data uncover a role for the Siah1-PIAS1 regulatory axis in aldosterone secretion. In particular, our finding that changes in retinoic acid signaling and cholesterol biosynthesis contribute to adrenal gland dysfunction and hyperaldosteronism raises the possibility that drugs selectively targeting these pathways might offer a new therapeutic modality for PA, a disease that currently lacks effective therapy beyond mineralocorticoid receptor blockade.
Methods
Cells and transfection. HEK-293T cells were maintained at 37°C in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum (Millipore) and 1% penicillin-streptomycin (Invitrogen). Cells were seeded and grown to 60%-80% confluency before transfection with the expression plasmids described below. Transfections were performed using jetPRIME (Polyplus) according to the manufacturer's protocol. of Siah1 surrounding the I151L mutation site (yellow sticks, blue label) that lies on a "helix-turn-helix" element that connects the dimer interface to the linker between the 2 Zn fingers (indicated by dashed black double-headed arrow). Ile151 is partly buried but also forms part of a prominent pocket ("D"; brown dashed circle). Loss-of-function mutation sites are colored red, and a red circle emphasizes how they cluster across the SBD dimer interface (part of second SBD is in gray). Three crystal forms are overlaid (see Methods and Results) to demonstrate conformational heterogeneity in the second Zn finger (ZnF-2). For clarity, ZnF-2 is represented by a single helix (each structure is labeled by its PDB code, see Methods), but the motion is simple rigid-body rotation about the axis labeled "R," circled in orange. The RING domain is N-terminal to ZnF-2, and its structure has not been determined. (B) Western blot analysis of PIAS1 expression in 293T cells transfected with PIAS1-V5 alone or in combination with either Siah1-myc or Siah1-I251L-myc. A cycloheximide (CHX) chase was performed for the indicated times. Blots were probed with antibodies against V5 or myc. Tubulin served as a loading control. Dashed lines denote the different degradation rate of PIAS1 coexpressed with WT Siah1 versus PIAS1 coexpressed with Siah1-I251L. The graph shows quantification of PIAS1 degradation from 5 independent experiments. *P < 0.05, compared with GGTAAAGGAGTCAACTG-3′ and reverse, 5′-CATTGTGGCATACAGCGACA-3′; mouse Rgs2, forward 5′-GAGAAAATGAAGCGGACACTCT-3′ and reverse, 5′-GCAGCCAGCCCATATTTACTG-3′; mouse Pias1, forward, 5′-ACGCAAACACGAACTTCTTACA-3′ and reverse, 5′-TCCGCAGGCGT-CATAATTTTC-3′; mouse Siah1a, forward, 5′-GCTGAAAATTTTGCATATCG-3′ and reverse, 5′-CCAG-GAAAGTTTTAGGTTGG-3′; mouse β-catenin, forward, 5′-ATGGAGCCGGACAGAAAAGC-3′ and reverse, 5′-TGGGAGGTGTCAACATCTTCTT-3′; mouse Vegfa, forward, 5′-GCACATAGAGAGAAT-GAGCTTCC-3′ and reverse, 5′-CTCCGCTCTGAACAAGGCT-3′; mouse enacβ, forward, 5′-GGC-CCAGGCTACACCTAGA-3′ and reverse, 5′-AGCAGCGTAAGCAGGAACC-3'; mouse enacγ, forward, 5′-GCACCGACCATTAAG-3′ and reverse, 5′-GCGTGAACGCAATCCACAAC-3′. Plasma analysis. Plasma K + levels were measured using a VetScan VS2 analyzer (Abaxis) according to the manufacturer's protocol. Plasma aldosterone, corticosterone, and ACTH were measured using an ELISA kit (Enzo Life Sciences for aldosterone and corticosterone, Biotechnologies System for ACTH) according to the manufacturer's protocol. Renin activity was measured in plasma using the Sensolyte 520 mouse renin assay kit (Anaspec) following the manufacturer's recommendations. Plasma adrenaline and noradrenaline were measured using BI-CAT ELISA (DLD) according to the manufacturer's protocol.
ACTH administration. Mice were injected intraperitoneally with 100 μg/Kg ACTH (1-24) (VWR international). Blood was collected 1 hour after administration.
Histology. Adrenal glands were fixed overnight in Z-fix (buffered zinc formalin fixative, Anatech), washed twice with PBS, and processed for paraffin embedding. Paraffin blocks were sectioned into 5-μm slices and stained with H&E.
Adrenal zonation measurement. For X-zone measurement, images of H&E-stained samples were acquired at the same magnification (×4) and processed in Image J64 software. Adrenal widths were then measured. For medulla measurement, medulla and total area of adrenal gland were measured in Image J64 software (NIH).
Immunofluorescence microscopy of mouse tissue. Sections of adrenal glands or kidneys were deparaffinized, rehydrated, washed in PBS, and blocked with Dako protein block for 30 minutes at room temperature. Antigen retrieval was performed in a pressure cooker (Decloaking chamber, Biocare Medical) in citrate buffer (pH 6.0) for CYP11B1, CYP11B2, DAB2, β-catenin, SGK1, and PIAS1 and in high pH for eNACα. Immunostaining was performed by incubating the sections overnight at 4°C with antibodies in Dako antibody diluent, whereas 20-αHSD (1:500, Antibody Research) was diluted in 1% BSA/PBS for immunostaining. Alexa Fluor 488-or Alexa Fluor 594-conjugated secondary antibodies were added for 1 hour at room temperature (1:400, Molecular Probes), and nuclei were counterstained using SlowFade Gold Antifade reagent (Vector) with DAPI (Vector).
Oil Red O staining. Lipid staining was performed on cryosections incubated in 1,2 propanediol for 1 minute and in Oil Red O (Millipore) at 60°C for 10 minutes.
In situ hybridization. RNAscope in situ hybridization was performed using a mouse Siah1a probe (Advanced Cell Diagnostics), according to the manufacturer's protocols.
Animal studies. Siah1a +/+ , Siah1a +/-, and Siah1a -/mice were previously described (21) and backcrossed to 129sv mice for 10 generations.
RNA-seq. PolyA RNA was isolated using the NEBNext Poly(A) mRNA Magnetic Isolation Module, and barcoded libraries were made using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB). Libraries were pooled and single-end sequenced (1X75) on an Illumina NextSeq 500 using the High Output V2 kit (Illumina). The raw reads (fastq files) were aligned to mouse reference genome using TopHat version 2.013 (http://www.ncbi.nlm.nih.gov/pubmed/19289445) with transcript annotations and the "-no-novel-juncs" option. Ambiguous reads that mapped to more than one region in the genome and reads with MAPQ score less than 10 were removed.
The mouse reference genome (mm10) and corresponding transcript annotation downloaded from UCSC were used as a reference genome for mRNA transcript quantification. Transcript quantification was performed using the Partek Genomics Suite (version 6.4, Partek), and the raw read counts and normalized read counts (reads per kilobase per million mapped reads [RPKM]; http://www.ncbi.nlm.nih.gov/ pubmed/18516045) were obtained.
The raw count information for all mRNA transcripts was first filtered. Transcripts with poor read counts in all samples were removed from further analysis. The remaining transcripts were analyzed using generalized linear model approaches implemented in the BioConductor edgeR package (http://www. ncbi.nlm.nih.gov/pubmed/22287627) to detect the differential expression between different conditions. 
